We investigate the four-wave mixing response of semiconductor quantum wells having a predominantly inhomogeneous broadening of the exciton states. The influence of the biexcitons on the nonlinear emission, in proximity to the lowest exciton resonance, is studied. Using about 1 ps long pulses, we show that biexcitons are created for all excitation energies lying within the broadened exciton absorption line, and that their binding energy does not depend on the exciton energy. Reducing the temporal width of cross-linearly polarized incident laser fields to about 0.1 ps, we observe a drastic changeover from a prompt response to a photon echo, and quite interesting beating phenomena, visible in time-integrated as well as in time-resolved experiments, appear. Our observations compare well with the numerical solutions of the optical Bloch equations for a five-level scheme. The influence of the inhomogeneous broadening on the beating phenomena is discussed.
Introduction
The optical properties of a semiconductor are deeply influenced by Coulomb interaction between photoexcitations. The effects of these interactions on the coherence of excitons (Xs) are currently a subject of intense experimental and theoretical investigation. Coulomb interactions can lead to appreciable local electric fields and to an increase of the decay rate of the X coherence. These effects manifest themselves through a remarkable modification of the temporal dynamics of the transient four-wave mixing (FWM) response [1] . Two Xs can form bound states, the biexcitons (biXs). In samples of very high quality having essentially only homogeneously broadened optical transitions, several pieces of evidence of biX formation have been reported [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . The effects of the presence of two-X states on the linear and nonlinear optical properties can be described using the density matrix formalism applied to the five-level system reported in figure 1 [5, 6] . The ground state G is coupled via the absorption of circularly polarized photons (σ + or σ − ) to the one-X levels. The fundamental and the excited biX states are formed by the absorption of a second circularly polarized photon. Much more sophisticated (and computationally time consuming) approaches that include two-X pairing and many-body effects on equal footing have been used in the literature to explain several experimental results; a comparison between a few-level model (including biX states) and more rigorous theories is given, for example, in [12] †.
In quantum wells with important interface disorder, the X resonance is mostly inhomogeneously broadened [13] . The influence of disorder on the biX states is expected to be quite strong for at least two reasons: (i) the interface roughness can occur on a scale comparable to the biX diameter, with evident consequences on the relative motion of the two constituent Xs [8, 14] ; (ii) the disorder potential felt by the Xs and biXs, roughly estimated by the inhomogeneous width of the X resonance, can be larger than the biX binding energy B. Some features observed in time-resolved absorption [15] and femtosecond FWM [16, 17] experiments, as well as in the polarization dependence of the nonlinear FWM process [18] , have been interpreted in terms of localized biXs. The importance and the description of biX nonlinearities in the presence of well width fluctuations are, however, quite controversial. In several investigations [17] [18] [19] [20] [21] , it has been assumed implicitly that the effect of interface disorder mainly † Two-particle interactions are a lowest-order approximation for manybody interactions, therefore we expect that at low carrier densities a fewlevel model that accounts for X pairing will at least yield a qualitative description of the most important experimental features. Furthermore, it is worth noting that disorder tends to reduce the effects of many-body interactions (see the initial part of the theoretical discussion below, and references cited there). consists in a rigid shift of the one-X and two-X energies, leaving constant their difference. However, if the spatial extent L of the potential localizing the biXs is comparable to their size, the biX binding energy depends on L [14] . In real quantum wells, L is not constant but depends on the crystal site [21] . As the X energy also depends on the spatial position, one should expect that in principle B varies across the sample and that it depends on the X energy. Such a dependence has indeed been found for the binding energy of an X bound to a neutral acceptor (a system similar to a biX) [22] .
In [18] , it has been suggested that rephasing of the nonlinear polarization (leading to the emission of an echo) could not occur for an excitation with cross-linearly polarized (CRP) pulses having a spectral band width that is smaller than the biX binding energy; it seems, however, that it is possible for broad-band excitation (femtosecond pulses) and/or co-linearly polarized (COP) fields [20] . If the fluctuations of the biX and X energies are not correlated, rephasing of the signal could also be inhibited in the CRP configuration for ultra-short-pulse excitation. This could explain the very fast decays observed in several samples for CRP incident fields [12] . This higher decay rate has also been explained in terms of disorder-induced coupling between the two degenerate X states shown in figure 1 [23] , i.e. without invoking the effect of disorder on the biX state.
These arguments show that the polarization dependence of the FWM signal could indeed be explained by various models. On the other hand, these various models lead to a quite different dependence of the FWM response on the temporal width of the exciting fields. However, this dependence has never been studied: previous investigations on quantum wells with a dominant inhomogeneous broadening have, in fact, been performed using either long or short laser pulses. To this aim, in this paper we present the results of time-integrated (TI), time-resolved (TR) and spectrally resolved FWM experiments employing nearly transform-limited picosecond as well as 100 fs pulses. Among others, the following phenomena will be addressed.
(i) We found that the dynamics of the nonlinear emission drastically changes upon going from narrow-band to broad-band excitation.
(ii) We observed a striking polarization behaviour: if the incident fields E 1 and E 2 , with wavevectors k 1 and k 2 , are linearly polarized with a relative angle in , the diffracted field E 4 propagating along the direction 2k 2 −k 1 is polarized as E 1 .
(iii) If the laser frequency of COP picosecond pulses is tuned through the X resonance, from the low-to the high-energy side, the decay rate of the TI-FWM signal increases, in agreement with the well established spectral dependence of the X dephasing times [18, 24] . However, using COP femtosecond pulses, we observed the opposite behaviour: the decay rate of the TI-FWM signal is fastest at the lowest emission energies. Moreover, at these low energies the decays in the CRP and COP configurations are similar. Thus, the dependence of the FWM dynamics on pulse length and polarization configuration is much more pronounced than previously reported [18, 20, 23, 25, 26] .
Experimental details
We investigated quantum wells having an inhomogeneously broadened heavy-hole (hh) X absorption line width of 2.5 meV or more. All the considered samples have a qualitatively similar FWM response. In this paper, we discuss the results obtained on a specimen consisting of 20 80Å wide quantum wells of GaAs/(GaAl)As, featuring a hh X absorption line width of 2.7 meV. The GaAs substrate was chemically etched away to permit linear and nonlinear measurements in the transmission geometry. The FWM experiments we report here were performed in the forward two-beam configuration at a temperature of 2 K (liquid helium bath cryostat) or of 10 K (cold finger cryostat). Experiments in reflection were also performed. In this configuration, only a few wells near the top of the quantum structure contribute to the FWM signal [27] . In contrast, all the quantum wells participate in the build-up of the nonlinear signal in the forward direction. We found that the FWM response in the two configurations is quite similar, indicating negligible inhomogeneities (vertical disorder) across the quantum structure.
The experiments were performed using essentially two pulse lengths: 110 fs and 1.5 ps (for the investigation of the polarization dependence of the FWM emission 500 fs long pulses have been used). The excitation density was estimated by measuring the light power absorbed by the quantum wells and by estimating the laser spot diameter on the sample (≈ 30 µm). The data discussed in this paper were obtained at an X density per well of less than about 2 × 10 9 cm −2 , unless mentioned otherwise. At these excitation intensities, nonlinearities of orders higher than the third are weak. Nearly transform-limited excitation pulses were delivered by a mode-locked Ti:sapphire laser, or by a synchronously pumped dye laser (Styryl 8). The linear polarization of the input pulses had a definition ratio of about 1:100, whereas the residual ellipticity of the circularly polarized pulses was about 0.08. In the spectrally resolved experiments, the diffracted beam was first analysed by a linear polarizer and then sent through a λ/4 plate to eliminate the polarization dependence of the monochromator. In the TI experiments the FWM emission was detected using a photomultiplier and the double lock-in technique. The temporal evolution of the diffracted beam was obtained using a photon counting system measuring the up-conversion of the diffracted light with a third reference pulse in a 1 mm thick LiIO 3 crystal. The determination of the delay time t between the two incident fields E 1 and E 2 (arriving on the sample at the times t = − t and t = 0 respectively) was made by monitoring the laser light scattered by sample imperfections into the direction 2k 2 − k 1 of the FWM signal.
Experimental results
Using 1.5 ps long laser pulses having a spectral bandwidth of about 1.3 meV, we selectively excited a fraction of the X states within the absorption line and recorded the FWM emission spectra at different detunings E ≡ hν − E (hh) X between the energy of the laser photons and that of the hh X †. They are shown for a time delay t = 2 ps in figure 2. Exciting the Xs resonantly by COP fields generates a nonlinear signal having the same frequency as the excitation. In contrast, when the input beams are CRP, the emission has two spectrally distinct components, one is centred at the laser energy, the other is red-shifted by about 2 meV. The relative intensity of the non-resonant emission increases as the energy of the exciting laser beams is lowered. The presence of this contribution suggests that a non-resonant interaction between the laser light and the electronic states of the quantum wells is present, involving the resonantly excited one-X levels as well as the biX states (see level scheme in figure 1 ). As the low-energy peak is observed for all the excitation energies, we infer that the X-biX transitions can contribute to the FWM process independently of the energy of the constituent one-X levels (but evidently with varying relative efficiency). Further support for the biX picture comes from the experimental results obtained using circularly polarized (σ + , σ − ) incident fields: for equally polarized beams, the non-resonant emission disappears (broken curve in figure 2 ). This shows that the biXs are formed by two Xs with total angular momentum +1 and −1 respectively ‡.
Quite surprising new results have been obtained measuring the polarization of the diffracted field E 4 as a function of the angle in between the two linearly polarized incident fields ( in measures the direction of E 1 with Figure 2 . FWM emission spectra excited by two 1.5 ps long laser pulses, with a delay of 2 ps between them, and for different detunings, for COP (solid curve in the upper panel), CRP (lower panel) and co-circularly polarized fields (broken curve in the upper panel). The maximum of the response is resonant with the energy of the exciting photons. The linear transmission spectrum is shown as a chain curve. Sample temperature: 10 K. Lower inset: the TI-FWM signal as a function of the delay time t between the two incoming laser pulses, for CRP (broken) and COP (continuous) configurations; the detuning E ≡ hν − E (hh) X between the energy of the laser photons and that of the hh X absorption peak amounts to −1 meV; and the FWM emission is detected athω = hν where it is strongest. Upper inset: measured decay times of the TI curves versus detuning E . respect to that of E 2 ). In samples with a predominantly homogeneous broadening, and for delay times slightly exceeding the temporal laser pulse width, the nonlinear signal has been found to be elliptically polarized with the major axis of the ellipse always forming a negative angle out with respect to E 2 [5, 28] . In particular, at low excitation densities (≤ 10 9 cm −2 ), out ≈ 0 for 0
In our disordered and thus strongly inhomogeneously broadened samples, we found that the non-resonant emission exhibits a remarkably different polarization behaviour. The polarization of this part of the FWM response, excited by 550 fs long pulses, was measured at a delay t = 1 ps. At low excitation (below about 10 9 cm −2 ) out in , i.e. E 4 E 1 §. The TI-FWM signal versus delay time, excited by the § As the excitation increases, the dephasing rate 1/T 2 also increases and out and in are no longer related through a simple linear relation. At excitation densities higher than 2 × 10 10 cm −2 , when the decay time of the signal is mainly determined by the pulse width, out ≈ − in , i.e. we recover the typical behaviour of non-interacting Xs [5, 28] . 1.5 ps long pulses which have a spectral width that is smaller than the biX binding energy, and recorded for excitation and detection close to resonance, i.e. for E ≈ −1 meV and (hω) ≡hω − E (hh) X ≈ 0 (hω is the detection energy), are shown in the lower inset of figure 2. For COP fields, the decay of the TI signal is slow. On the contrary, the signal decay is extremely fast for CRP pulses, implying that in real time the FWM emission is 'prompt' and not a photon echo. The decay times τ of the TI signal at different detection energieshω are reported in the upper inset of figure 2. All these results compare fairly well with previous studies dealing with the influence of interface disorder on the FWM process [19, [24] [25] [26] [27] .
Spectra of the TI-FWM emissions ( t = 1 ps), generated by spectrally broad 120 fs long laser pulses, are shown in figure 3 . For COP input pulses, the spectrum peaks at about 0.8 meV below the absorption maximum of the hh X. A second component is visible in this spectrum, appearing at lower energies as a weak shoulder. The emission generated by CRP pulses coincides with this second component, peaked at about 2.5 meV below the hh X peak; there is only a very weak emission resonant with the X. We tentatively assign the second component at (hω) = −2.5 meV to an emission caused by the presence of biXs.
The TI-FWM emissions, plotted versus the time delay t in the left panel of figure 4 , feature a quite rich temporal structure. All the TI traces show an instantaneous response at t ≈ 0, caused by the large detuning ( E ≈ −10 meV) between the laser energy and the hh X absorption peak [29, 30] ; this detuning has been chosen to reduce the contribution of states other than the fundamental hh X. Monitoring the emission generated by COP input beams at the hh X peak energy ( (hω) 0), the signal decays slowly without oscillation. At lower (hω) the decay of this emission is faster; moreover a modulation having a first minimum at t = 0 and a period T = 1.7 ps appears. Thus, the spectral dependence of the decay rates of the nonlinear signal observed with 120 fs COP pulses does not reflect the expected change of the X dephasing time across the absorption line width measured in the picosecond experiments. On the other hand, for CRP input fields and at (hω) = 0, the FWM signal decays very rapidly, but at lower detection energies the decay rate becomes comparable to that observed for COP excitation. In the CRP configuration, the oscillations (having the same period T = 1.7 ps) are strongest at (hω) = −1.5 meV and almost disappear at lower and at higher energies, and the first maximum in the modulation occurs at t = 0. For co-circularly polarized incoming fields, the beats disappear, confirming that the oscillations are of biexcitonic origin †. The period T = 1.7 ps of the modulation corresponds to the biX binding energy B of 2.5 meV observed in the FWM spectra. This value is approximately 0.22 times the X binding energy, in very good agreement with recent experimental and theoretical results [11] . In [14] , it has been found that localization of biXs in regions of a size smaller than its linear extent enhances the binding energy of the two-particle states. As we have not observed such an increase, we infer that the localization length is comparable to or larger than the biX diameter ‡.
The slow decay of the TI signal, obtained in the CRP configuration by broad-band excitation, indicates that the nonlinear emission from our samples featuring strong inhomogeneous broadening must be a photon echo, in contrast to the picosecond experiments. The evolution in real time t of the FWM signal for different delays t, shown in the right panel of figure 4 , proves this. Moreover, a striking (periodic) modulation of the temporal shape of the echo is observed. The effect is most evident in CRP geometry, but also visible in the COP configuration. The strongest distortion of the signal appears as a double peak at delays for which the oscillations in the TI signal have a minimum, e.g. at t ≈ 1 and 3 ps in the case of the CRP configuration, or at t ≈ 2 ps for COP input fields.
Numerical results and discussion
In the following, we discuss our experimental results in terms of the numerical solutions, up to third order and in the rotating-wave approximation, of the optical Bloch equations [32] for the five-level system [6] shown in figure 1 . This five-level system neglects the presence of the unbound triplet two-X states, because the interaction is † According to Erland et al [31] the almost constant phase of the modulation for different detection energieshω (most clearly observed with COP laser pulses) indicates that the modulation of the signal is not caused by a polarization interference between the nonlinear emissions of two uncoupled levels (e.g. polarization interference between free Xs and Xs bound to impurities).
‡ This localization length is related to the presence of islands at the wellbarrier interface. Our data, however, do not imply that the interface of the islands is atomically flat. A detailed discussion of the matter can be found in [21] . repulsive [12] ; as mentioned below, this approximation is also justified by our experimental results. We also neglect local field corrections and excitation-induced contributions to the FWM response, since for strongly inhomogeneously broadened transitions they are expected to have a negligible influence on the temporal dynamics for long delays t [33, 34] . Finally, we assume that the interface irregularities have no effect on the biX binding energy B, as suggested by the results of the picosecond experiments. Thus, the average of the nonlinear polarization P (3) depends only on the energy distribution G(E X ) of the one-X states and is obtained simply as [32] 
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In accordance with the experimental width of the X absorption line, for G(E X ) we took a Gaussian distribution having a full width at half maximum of 2.5 meV. We used equal matrix elements for the G-X and X-biX transitions [6] †. The decay rate of the X polarization, including its spectral dependence, has been obtained directly from the decay time τ (T 2 (E X ) = 4τ (E X )) observed in the picosecond TI experiments [32] . In this way, there are † The dephasing time of the two-photon coherence has been taken to be one half of the value of the one-photon coherence [6] . Anyway, in the presence of inhomogeneous broadening the two-photon coherence contributes only at zero delay time, as it does not give rise to a photon echo.
only three parameters left that have to be determined from the experimental data through a fit: the dephasing times of the polarization components connected to the X-biX and X-biX * transitions (T biX and T biX * respectively), and the ratio η/(1 − η) of their dipole moment moduli [6] .
In the experimental picosecond FWM spectra shown in figure 2 , the splitting between the resonant and nonresonant emissions is about 2 meV. This value is smaller than the biX binding energy of 2.5 meV obtained from the period of the beats in the TI signal. To explain this apparent discrepancy, we calculated the nonlinear spectrum excited by 1.5 ps long pulses. The results are reported in figure 5 . The calculated traces (obtained assuming B = 2.5 meV) show a Stokes shift between the resonant and non-resonant emission of only 1.8 meV. This value is smaller than the biX binding energy B but in agreement with the experiment. The laser photons participating in the nonlinear process that involves the X-biX coherence must be resonant with both the G-X and the X-biX transition energies. Due to the limited spectral width of the laser pulses, processes involving Xs excited by the high-energy tail of the laser pulses are favoured. Hence, the red shift of the X-biX emission, with respect to the nonlinear emission involving only Xs, is smaller than B. It is also quite interesting to compare the calculated line width of the resonant emission in the CRP configuration obtained with (η = 0.65) and without (η = 1) accounting for unbound biX * states. One observes that the presence of these biX * states narrows the X FWM emission, leading to a biX component that is spectrally well resolved. A reasonable agreement with the experimental line widths can be obtained only by including a finite contribution of the biX * states. The TI-FWM traces versus delay t, calculated for 1.5 ps wide laser pulses and for different emission energies, are reported in the inset of figure 5. For CRP input beams, the decay rate is only weakly dependent on detuning, substantiating the hypothesis that the nonlinear polarization is prompt for picosecond excitation. The fast response has, however, a double origin. For bound biXs, the FWM response is prompt, independently of the biX dephasing time. As first suggested in [18] , this behaviour essentially stems from the fact that narrow-band excitation is always non-resonant with at least one of the two transitions (G-X and X-biX) involved in the FWM process (for the cases shown in figure 6 , the excitation is resonant with the G-X transitions). As non-resonant excitation leads to an instantaneous response [29, 30] , the decay of the TI signal is mainly determined by the laser pulse width. On the other hand, unbound biX * states do not generate an instantaneous response, since both the G-X and X-biX * transitions are excited resonantly. Hence for these states, the fast decay rate is simply caused by the short biX * dephasing times, as determined in the femtosecond experiments (see later on).
Before going on with the discussion of the results Figure 6 . Calculated FWM emission spectra excited by 120 fs long pulses, for a delay of 1 ps between the two incident laser pulses. The broken curve is for CRP incident laser fields and the continuous curve is for COP incident laser fields.
obtained by the broad-band 120 fs pulses, we consider the analytical solutions of the optical Bloch equations for the five-level system in the limit of δ pulses. We focus on positive delay times t, and on the third-order polarization components P (3) 0 and P (3) 90 along the directions out = 0
• and out = 90
• respectively:
where the real time t = 0 has been chosen at the moment the second pulse is impinging on the sample, 0 < η < 1, G f (t − t) is the Fourier transform of the inhomogeneous spectral distribution G(hω) of the X states, and T X , T biX and T biX * are the dephasing times of the G-X, X-biX and X-biX * transitions respectively. Since we investigated experimentally the TI signal at different detection energies, we also report the Fourier transform of the nonlinear polarization in the limit of very long dephasing times:
The three terms in equations (2) and (4) correspond to the three possible transitions that can participate in the FWM process. In equations (3) and (5) the contribution of G-X is missing, reflecting the fact that CRP excitation of a noninteracting X gas produces no FWM response.
Equations (1)- (4) show the strong effects of the inhomogeneous broadening on the beating phenomena. In samples having an X line width that is smaller than B, the oscillations occur only in the TR signal, but disappear in the TI trace. On the contrary, for strong inhomogeneous broadening the echo G f (t − t) hides to a considerable degree the oscillations in real time, but it is now possible to observe beatings in the TI signal. In other words, the oscillations in the TI-FWM response obtained with COP laser pulses from samples with practically homogeneous transitions are due to fifth-order effects [6] , whereas in the presence of disorder they appear already in third order. For CRP incident beams, the modulation of the TI signal has the first maximum at t = 0, in excellent agreement with the experiments. The beats are caused by the interference between the X-biX and X-biX * nonlinear polarizations. For COP pulses, the oscillations have the first minimum at t = 0, and the beatings are essentially due to the interference between the G-X and X-biX nonlinear polarizations.
Furthermore, the nonlinear emission of G-X and X-biX * , coming from regions where the X energy is hω, interferes with the X-biX emission from different regions with an X energyhω + B. Since a priori there should be no coupling between the states of different regions in the sample, one would expect that the observed oscillations are not due to quantum beats [35] . However, if these oscillations were due to the so-called polarization interference (i.e. interference of the nonlinear emissions on the detector) the following would be expected: (i) in the TI-FWM response their phase should strongly depend on the energyhω [36] ; (ii) in the TR-FWM response a maximum of the oscillations should always coincide with the echo occurring at t = t [35] . Both expectations are in striking contrast with our experimental data, ruling out the simple uncoupled two-oscillator model.
In figure 6 , we show the calculated spectra of the TI-FWM emissions generated by 120 fs long pulses for t = 1 ps. These numerical results compare favourably with the experimental ones shown in figure 3 . For COP pulses, the nonlinear response at the energy of the G-X transitions gives the most intense contribution, it is peaked at (hω) −0.8 meV. The line is slightly asymmetric, as nonlinear emissions occur also at the X-biX transition energies. For CRP pulses, this contribution gives rise to an intense peak at (hω) = −3.2 meV (−2.5 meV in the experimental spectrum). At higher energies, the biX * emission is clearly observed, in very good agreement with the experiment.
In the left panel of figure 7 , we report the numerical simulation of the TI-FWM response excited by 120 fs long laser pulses for different emission energies. η = 0.65 has been chosen to obtain a reasonable agreement with the beat amplitude observed for CRP pulses. In order to reproduce the trends observed in the experimental curves of figure 4 , we had to take T biX 0.3T X and T biX * 0.5T biX , where for T X (hω) the measured values shown in the inset of figure 2 have been used. Close to resonance (hω ≈ E (hh) X ), the emission decays slowly for COP pulses, with a decay constant τ = T X (hω)/4 (the contribution of the biX * states is negligible in this polarization geometry). In CRP configuration it decays more rapidly, with τ = (1/T biX * + 1/T X ) −1 . At lower energies and for COP input fields, the initial decay becomes faster, to reach τ = 1 2 (1/T biX + 1/T X ) −1 , as in the other polarization geometry. At large t, the low-energy COP response is again determined by the slowly decaying G-X coherence (first term in equation (2)), i.e. τ = T X (hω)/4. The ratio of 3 (6) between T X and T biX (T biX * ) that we had to assume to reproduce the experimental trends is larger than that found in samples with homogeneous broadening [6] , but comparable to that observed in quantum wells having stronger interface disorder [20] than our sample. Finally, we note that a simple extension of our model, accounting also for triplet two-X states which can be created by absorption of co-circularly polarized photons, shows that in the CRP input configuration the beatings between bound (σ + σ − ) and unbound (σ + σ + ) biXs have a minimum in the TI-FWM signal at zero delay. This is in contrast with our experimental results (obtained on different GaAs quantum wells), meaning that in our samples the σ + σ + transitions have a negligible effect.
In the right panel of figure 7 , the calculated temporal evolution of the nonlinear signal at different delays is shown. For COP fields, the calculated echoes show a modulation in good agreement with the experimental results. The dependence of this modulation on delay time t is very similar to the experimentally observed one (figure 4). The experimental and theoretical width of the echo is always much shorter (∼0.6-0.7 ps) than the ∼1 ps expected in the absence of biX effects. Thus, even if the distortion of the echo shape seems to be negligible at certain delay times, the effect of the interference phenomena is, however, always quite important.
Finally, a word on the remarkable polarization dependence of the non-resonant FWM emission. Equations (2) and (3) show that the FWM emission involving the biX and biX * states is indeed polarized as E 1 , while the emission due to the G-X transition is polarized as E 2 . Since the spectral overlap between the G-X and the X-biX transitions is weak in our samples, and as long as the contribution of G-X is not very strong, we expect E 4 ( (hω) = −B) E 1 .
Moreover, our numerical calculations, which account for the effective inhomogeneous broadening of the sample, also give out ≈ in . Hence, the unusual experimental observation that out ≈ in is a specific feature of the biX model.
Conclusions
We have presented picosecond and femtosecond FWM experiments in quantum wells with a dominant inhomogeneous broadening. For cross-linearly polarized excitation, we have conclusively demonstrated that rephasing of the nonlinear polarization is critically dependent on the laser pulse width: while for picosecond excitation the signal is prompt, rephasing (photon echo emission) is clearly observed for subpicosecond pulses. Using narrow-band excitation, we have found that biXs with similar binding energy can be generated at all the excitation energies within the absorption line width.
The simple five-level model, used here to interpret our experimental data, and which includes a bound and an unbound biX state as proposed in [6] , has been extended to account for inhomogeneous line broadening. This model reproduces well the dramatic changes of the temporal dynamics of the FWM emission upon going from picosecond to femtosecond excitation, and the strong dependence of the FWM signal on both the emission energy and polarization of the input fields. Furthermore, we believe that this work demonstrates how powerful the combination of TI, TR and spectrally resolved picosecond and femtosecond FWM experiments is to determine what the dominant effects of disorder on the FWM are.
